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FOREWORD 


This  special  report  presents  the  results  of  an  Investigation,  conducted 
under  Contract  AF  0h(6ll) -10785.  to  determine  the  heat-transfer  characteristics 
of  989  H_0_  at  high  pressure  and  high  velocity.  Portions  of  this  study  have 
been  presented  in  various  progress  reports  and  have  be-n  compiled  herein  to 
assist  the  reader  in  application  of  the  technology  discussed. 

The  investigation  was  part  of  the  Advanced-Propellant  Staged-Combustion 
Feasibility  Frograa  conducted  by  the  Advanced  Storable  Engine  Division  of  Liquid 
Rocket  Operations,  Aero J et -General  Corporation,  Sacramento,  California. 

Technical  managerial  control  is  provided  by  Mr.  R.  J.  Kuntz,  PE,  Project 
Engineer.  Mr.  R.  Belehel  is  Program  Manager. 

Contributors  to  this  report,  in  addition  to  those  noted  on  the  title 
page,  included  the  following  Aerojet -General  personnel: 

R.  F.  Bechtold 
A.  Fink 

This  technical  report  has  been  reviewed  and  is  approved. 


Richard  Weiss 

Air  Force  Program  Manager 
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ABSTRACT 


High-pressura  heat-transfer  experiments  hare  been  oonduoted  vlth  both 
90  and  983  H202.  Electrically  heated  3/l$-  and  l/k-ln.-dia  Inconel  718  and 
3/l6- in . -dla  stainless-steel  test  sections  were  used,  at  pressures  of  830  to 
U700  psl  and  at  coolant  velocities  of  23  to  198  ft /see.  Titration  of  the 
peroxide  after  short-duration  testing  indicated  that  little  or  no  H-Og  deoea- 
positlon  had  occurred  in  the  test  section.  The  short-duration  burnout  tests 
have  shown  that  the  maximum  burnout  heat  flux  is  directly  proportional  to 
coolant  velocity  and  is  insensitive  to  coolant  pressure.  The  Dittuo-Boelter 
equation  vas  found  to  yield  a  conservative  estimate  of  heat-transfer  coeffi¬ 
cients  for  983  H90.  and  is  rocc—snrtsd  for  design  purposes.  Long-duration 
tests  conducted  at  velocities  of  30  to  130  ft/sec  with  Inconel  718  tubing 
indicated  that  the  long-drratlon  burnout  heat  flux  is  degenerated  to  about  $33 
of  that  demonstrated  in  short -duration  tests.  Titration  of  the  peroxide  after 
these  tests  indicated  that  minor  BgOg  de  compos  it  1  jn  had  occurred. 


It  can  be  concluded  that  983  fU02  would  be  an  excellent  regenerative  cool¬ 
ant  in  rocket  engine  systems.  The  lofig=duratlon  burnout  phenomenon  at  high 
pressure  can  be  avoided  by  limiting  the  design  burnout  heat  flux  to  about  $33 
of  the  short-duration  burnout  point. 
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I. 


INTRODUCTION  AND  SUMMARY 


V 


4 


4 


4 


Advanced  concepts  for  storable  propellant  liquid  rocket  engines  have 
been  under  extensile  investigation  for  the  past  fev  years.  These  studies  have 
shown  that  the  perforaance  of  existing  N.OjVAeroZINE  50  systems  can  be 
increased  significantly  by  using  high  chamber  pressures,  a  staged-corabustion 
engine  cycle,  and  fuels  that  are  gelled  mixtures  of  hydrazine  and  metals  or 
metal  hydrides.  The  system  under  investigation  in  the  Advanced  Propellant 
Staged  Combustion  Feasibility  Program,  Contract  AF  04(6ll)-10785»  employs  9&% 

H  Og/Alumizine-43  propellants  at  a  chamber  pressure  of  3000  psia.  It  has  been 
efitSblished  that  a  regenerative  coolant  for  this  system  must  be  capable  of 
accepting  high  heat  fluxes. 


Because  of  the  low  burnout-heat-flux  limits  and  because  of  the  uncer¬ 
tain  heat-transfer  characteristics  of  Alumizine  (1),  96#  H_0_  was  chosen  as 
the  more  suitable  regenerative  coolant  for  H?0?  /Alumlzine-43  systems. 

The  feasibility  of  using  H^O^  as  a  regenerative  coolant  has  previously  been 
demonstrated  in  experimental  investigations  with  98J6  H  O  (2)  and  90 %  H  O 
(2,  3,  4).  These  previous  results  were  obtained  at  relatively  lov  pressures 
(300  to  1100  psia)  and  low  velocities  (14  to  67  ft/sec).  Data  on  the  heat- 
transfer  characteristics  of  9&%  HO  at  pressures  up  to  5000  psia  and  veloc¬ 
ities  up  to  200  ft/sec  are  needed  ror  evaluating  regenerative  cooling  designs 
for  high-pressuro,  high-heat-flux  systems. 


In  the  present  investigation,  24  heat-transfer  tests  were  conducted  with 
98jt  HgOp  in  electrically  heated  round  tubes  with  uniform  heat-flux  distribu¬ 
tion.  The  ranges  of  conditions  encountered  in  these  tests  were: 


Pressure,  psia 
Velocity,  ft/sec 
Bulk  Temperature,  ®F 
Heat  Flux,  Btu/in.  sec 


830  to  4700 
2"  to  200 
40  to  215 
Up  to  48 


Thirteen  of  these  tests  were  burnout  tests,  in  which  the  burnout  or 
ultimate  heat  flux  was  evaluated  in  electrically  heated  round  tubes  by  increas¬ 
ing  the  heat  flux  in  Increments,  at  a  fixed  flow  rate  and  at  fixed  pressure 
conditions,  until  failure  of  the  tube  occurred.  Data  on  the  forced-convection 
heat-transfer  characteristics  were  also  obtained  at  each  heat-flux  level  below 
the  burnout  point. 

The  remaining  11  of  the  9 H^Op  tests  were  extended-duration  tests  in 
which  a  constant  heat-flux  level  was  maintained  for  durations  up  to  ten  min¬ 
utes.  This  extensive  investigation  of  duration  effects  was  initiated  when  it 
was  found  that  burnouts  occurred  during  extended  operation  at  significantly 
lover  heat  fluxes  than  during  the  shorter-duration  burnout  testr. 


4 
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I,  Introduction  and  Sumary  (cent.) 


Seven  tests  to  determine  the  pressure-drop  characteristics  of  98$  HgOg 
at  isothermal  and  heated  conditions  were  also  conducted. 

Heat-transfer  tests  with  90$  H_0_  and  deionised  water  were  conducted  in 
addition  to  the  98$  H-O-  t eating.  The  Burnout  beat  flux  of  90$  H-Og  was  eval¬ 
uated  in  four  tests  ax  a  nominal  pressure  of  U000  psia,  with  velocities  from 
1*5  to  135  ft /sec,  bulk  temperatures  from  lUO  to  205°F.  and  at  heat  fluxes  up 
to  36  atu/in.2  sec. 

Testing  with  deionised  water  consisted  of  two  burnout  teits  and  of  one 
extended-duration  test.  The  water  burnout  tests  served  aa  loop-checkout  testa, 
and  the  extended-duration  teat  with  water  provided  a  comparison  to  the  results 
of  the  98$  H-02  extended-duration  tests.  Water  testing  was  done  at  velocities 
from  38  to  l&rft/sec,  pressures  from  1000  to  3000  psia,  and  bulk  temperatures 
from  120  to  285°F  with  heat  fluxes  up  to  28  Btu/ln.2  sec.  Sections  of  the 
burned-out  tubes  were  subjected  to  metallographlc  analysis  to  determine  the 
surface  changes  that  occurred  (Appendix  A). 

All  testing  was  done  on  Aero j  et -  General ' s  high-pressure ,  storable- 
propellant  heat -transfer  loop.  This  "blowdown"  type  loop  is  pressurised  with 
a  nitrogen  system  capable  of  operating  at  10,000  psia.  The  liquid  run  tank 
can  operate  at  pressures  up  to  5500  psia.  Electrical  power  to-  preheating  the 
98$  HgO.  and  for  applying  a  heat  flux  to  the  test  section  is  provided  by  a 
200-kw-Pated  do  power  source. 
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II. 

TECHNICAL  DISCU88I0M 


y  This  section  contains  descriptions  of  the  experimental  apparatus ,  of  the 

types  of  tests  conducted,  of  the  test  procedures  used,  and  of  the  nethod  of  data 
analysis.  A  discussion  of  the  results  obtained  is  also  Included. 

A.  EXPERIMENTAL  APPARATUS 

1.  Hleh-Preisur^  Heat-Transfer  Loop 

All  tests  were  conducted  on  Aero Jet -General * s  high-pressure 
"blowdown"  heat-transfer  loop  shown  schematically  in  Figure  1.  The  main 
components  of  the  loop  ere  the  pressurisation  system,  tLe  run-tank  assembly, 
the  preheater-test  section  assembly,  the  heat  exchanger,  the  flow-control 
waive ,  and  the  dump-tank  assembly.  Electrical  power  for  the  preheater-test 
section  assembly  is  provided  by  four  15-v  power  supplies  rated  at  50  kw  dc  each. 

,  The  pressurisation  system,  shown  in  Figure  2,  consists  of  an 

l8-ft J  10,000-pslg-rated  nitrogen  storage  vessel,  of  a  high-pressure  booster 
*  pump,  and  of  associated  piping  and  valve  components.  The  run-tank  assembly 

consists  of  a  115-gal  5500-pslg-rated  321  stainless-steel  spherical  vessel,  of 
piping  and  valve  components,  and  of  a  control  system  which  allows  remote 
V  operation.  Three  .interconnected  42-gal  2000-psig-rated  spherical  stainless- 

steel  vessels  make  up  the  dump-tank  system.  The  electrically  operated  flow- 
control  valve  is  located  upstream  of  the  dump  tanks.  The  run  tank  and  the 
dump-tank  assemblies  are  shown  in  Figure  3. 

The  preheater-test  section  assembly  consists  of  a  150-kw-rated 
preheater  coil  constructed  from  1/2-in. -0D  by  0.058-in. -thick  stainless-steel 
tubing,  of  a  test-section  mounting  stand  with  attached  copper  bus-bar  clamps 
for  holding  the  test  section  in  place;  of  inlet  and  outlet  fluid-mixing  sections; 
and  of  a  stand  for  mounting  pressure  transducers  and  the  thermocouple  ice  bath. 

A  water-cooled,  multi-pass,  shell  and  tube-type  heat  exchanger  is  located 
downstream  of  the  test  section.  The  preheater-test  section  assembly  and  the 
heat  exchanger  can  be  seen  in  Figures  3  and  4. 

2.  Tect  Sections 

Test*  sections  were  constructed  from  1/4-  and  3/l6-in.-OD  tubing 
with  vail  thicknesses  from  0.015  to  0.016  in.  The  tube  material  was  Inconel  718 
for  the  majority  of  the  tests,  but  some  testing  was  done  with  34?  stainless-steel 
tubing.  The  basic  configuration  of  a  test  section  is  shown  in  Figure  5.  Dimen¬ 
sions  of  the  test  sections  used  in  each  test  are  given  in  Table  I. 

The  heated  lengths  of  the  test  sections  were  formed  by  silver- 
brazing  two  predrilled  copper  cylinders  onto  the  tubing.  These  copper  cylinders 
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XI,  A,  SxperlNBtal  Appcntui  (oont.) 


fit  the  ooppcr  bus-bar  e leaps.  Fittings  for  connecting  tha  toot  taction  to 
tha  mixing  tact  loot  and  to  tha  transducer  linat  vara  than  installed,  together 
with  tha  vall-temperature  tad  voltage  tap  inrtnsaentation .  An  uahaatad 
astraaoa  length  of  5  in.  (yielding  lengtb-to-dl  master,  L/C,  ratios  of  23  and 
31  for  tha  1/k-  and  3/l6-ln.-00  tubing,  respectively)  vat  aaintalnad  on  all 
toot  tact  lent,  Figure  6  thovt  a  c  capiat  ad  tatt  taction  Inttallad  on  tha 
Mounting  stand. 

3.  Passivation  Procedure 

Prior  to  tasting  vith  961  H-0-,  tha  heat-transfer  loop  vat 
thoroughly  passivated.  Passivation  vat  accomplished  in  tha  following 
sequence:  Cl)  tha  system  vat  elaanad  vlth  solvents  and  fluthad  with  deionized 
*^tar;  (2)  foil  nitric  acid  vat  fluthad  through  tha  spstms  and  loft  in  tha  tanks 
and  linat  for  2k  hri  (3)  tha  spate*  vat  fluthad  vith  dalonitad  vat ar;  (k)  tha 
antira  spat an  vaa  fillad  vith  35$  BL03»  vaa  laft  full  for  about  60  hr,  and  vat 
than  drained*  (9)  tha  run  tank  vat  rifled  vith  96$  MgOg. 

Taat  tactions  vara  alto  paativatad  prior  to  installation  bp 
filling  tha  aaetiont  vith  70$  nitric  acid  and  allowing  tha  acid  to  rtnain  In 
tha  tubaa  for  four  hourt..  The  tubas  vara  than  fluthad  vith  dalonitad  voter 
and  purged  vith  nitrogen. 

*»•  XnttruMMtatlon 

The  following  measurements  vara  nada  in  each  tart: 

a.  Test-eeetioa  outer  vail  temperature  (at  two  or  three 
axial  petitions), 

b.  Test-section  inlet  and  outlet  bulk  temperature , 

c.  Flow  rata, 

d.  Test-section  inlet  and  outlet  prat sura, 

a.  Tart-taction  currant, 

f.  Overall  tart-sect ion  voltage  drop,  and 

g.  Voltage  levels  at  incremental  distances  along  the  test 
taction. 

In  addition,  test-section  pressure  drop  was  measured  in  seven  pressure-drop 
tests.  The  accuracy  of  the  data  was  enhanced  by  taking  redundant  measurements 
whenever  possible.  Average  readings  of  these  measurements  were  used  in 
evaluating  tha  data. 
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II,  A,  Experimental  Apparatus  (coat.) 


Test-section  outer  vail  temperatures  were  Measured  with 
Vo-gage  chromsl-aluuel  thermocouples  Installed  upon  a  0.0005-ln. -thick  layer 
of  mica.  They  were  held  in  place  by  an  overwrap  of  glass  rowing.  The  accuracy 
of  these  aeasureaents  was  evaluated  by  cootparing  the  readings  froa  two  therao¬ 
couples  placed  opposite  each  other  at  each  axial  position  where  a  wall- 
temperature  Measurement  was  desired.  The  data  indicated  agreement  within  20 
to  100°F  at  wall  teaperatures  from  500  to  1500°F. 

Both  the  inlet  and  the  outlet  bulk  temperatures  were  measured 
with  three  copper-const antan  lamer s ion-type  theraocouples  installed  downstream 
of  the  mixing  baffles  in  the  fluid-nixing  sections.  Agreement  between  the 
readings  of  the  three  thermocouples  was  generally  within  2°F. 

Flow-rate  measurements  were  obtained  from  two  turbine-type 
flow  meters  connected  in  series  upstream  of  the  preheater.  Agreement  between 
these  two  meters  was  consistently  within  1.5$. 

Test-section  inlet  and  outlet  pressures  were  measured  with 
transducers  connected  to  pressure-tap  fittings  upstream  and  downstream  of  the 
test-section  electrical  connections.  Readings  from  these  two  transducers 
consistently  agreed  within  2$  at  the  no-flow  data  point  recorded  in  each  test 
after  system  pressurisation  had  been  achieved.  Test-section  pressure-drop 
«  measurements  were  obtained  using  0-to-100-psl  and  0-to-500-psi  pressure-drop 

transducers. 

Overall  test-section  voltage  drop  was  measured  between  the 
test-section  electrodes.  Incremental  voltage  levels  along  the  test-section 
tube  were  also  measured  with  voltage  taps ,  which  consisted  of  0. 005-in. -dia 
wire  that  was  spot-welded  to  the  tube.  Agreement  between  these  voltage 
measurements  was  good,  and  a  linear  voltage  relationship  was  found  to  exist 
along  the  test  section. 

Test-section  current  was  Measured  with  a  50-mv  shunt.  The 
accuracy  of  this  measurement  was  good,  as  indicated  by  the  overall  energy 
balances  calculated  for  each  test,  which  generally  compared  within  10$  for 
short-duration  varlable-heet-flux  tests  and  within  H$  for  long-duration 
const ant-heat-flux  tests. 

B.  TB8TH0 

Three  typei  of  tests  were  conducted:  (l)  burnout  tests, 

(2)  extended-duration  tests,  and  (3)  pressure-drop  tests.  These  tests  are 
discussed  separately  in  the  following  paragraphs. 
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XX,  1,  Tooting  (coot. ) 


i*  aamOMtia. 

Tho  object ir«  of  the  burnout  teets  vu  to  determine  the  burn¬ 
out  beet  flux  end  the  forced-convection  cher notorieties  of  ?8$  S-0-  «t  given 
preeeuree,  vt loo it its,  end  bulk  temperatures.  In  these  toots,  the  neat  flux 
nee  increased  stepwise  until  the  test  section  burned  out.  forced-convection 
date  were  obtained  at  each  beat-flux  level  up  to  the  point  of  burnout.  The 
duration  of  these  tests  was  typically  from  three  to  fotr  minutes.  During 
this  tine,  beat  fluxes  ranging  from  sero  to  the  burnout  value  were  applied 
to  the  test  section. 

Thirteen  burnout  tests  were  conducted  with  98$  Ho°2*  four 
with  90$  HpOg,  and  two  with  deionised  water  (loop-checkout  tests)? 

9.  Intended-Duration  Tests 

Tests  with  extended  durations  at  a  constant  heat  flux  were 
aleo  conducted.  The  objective  of  these  tests  was  to  determine  whether  the 
burnout  heat-flux  limits  established  for  98$  H_02  in  the  burnout  tests  of 
relatively  short  duration  were  applicable  for  operation  at  longer  durations. 

In  these  extended-duret ion  tests,  a  predetermined  heat  flux  was  applied  to 
the  test  section  after  the  desired  flow  conditions  had  been  established,  and 
the  system  was  than  allowed  to  operate  at  steady-state  conditions  until  the 
desired  duration  (ranging  from  5  to  10  min)  had  been  achieved  or  until  burnout 
of  the  test  section  occurred. 

Twelve  extended-duration  tests  were  conducted:  eleven  with 
98$  HgOg  and  one  with  water. 

3.  Pressure-Drop  Tests 

Testing  with  98$  HgOg  included  tests  to  evaluate  pressure- 
drop  characteristics  at  Isothermal  ana  heated  conditions.  Seven  of  these 
test  were  conducted. 

C.  TEST  PROCEDURES 

Prior  to  testing,  the  high-pressure  <BU  receiver  was  pressurised 
to  10,000  psi  by  utilising  a  boost-pump  system.  Next,  the  dump  tanks  were 
vented,  the  drain  lines  were  closed,  water  flow  in  the  heat  exchanger  was 
initiated,  and  the  system  was  pressurised  to  a  predetermined  level. 

The  desired  flow  rate  and  outlet  pressure  for  the  test  section  was 
then  initiated  and  controlled  by  slowly  opening  the  electrically  operated 
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II,  C,  Tost  Procedures  (coot.) 


floe-control  reive.  When  the  desired  flow  conditions  hed  been  achieved,  power 
was  applied  to  the  preheater  and  the  t-ist -sect ion  inlet  temperature  was  adjusted 

*  to  the  desired  value.  Test-section  powjr  was  then  raised  to  a  predetermined 
level,  and  the  wall  temperature  of  the  section  was  monitored  on  a  visual  gage 
to  determine  when  steady-state  conditions  were  obtained  (the  time  required  to 
achieve  steady  state  was  generally  about  10  sec).  All  pertinent  data  were  then 
recorded  automatically  on  magnetic  tape  and  oscillograph  paper. 

In  the  burnout  tests,  test-seotion  power  was  slowly  Increased  to 
a  higher  level  and,  as  soon  as  steady-state  had  been  achieved,  the  date-taking 
process  was  repeated.  This  step-wise  increase  in  heat  flux  was  repeated  until 
burnout  of  the  test  section  occurred. 

The  heat  flux  initially  epplled  to  the  test  section  was  not  changed 
during  the  long-duration  tests,  and  the  system  was  maintained  at  steady  state 
for  a  specified  time  or  until  the  test  section  burned  out.  The  high-pressure 
tests  (outlet  pressure  >  2000  pels)  with  durations  exceeding  five  minutes 
were  conducted  in  two  blowdowns  of  the  loop. 

*  The  pressure-drop  tests  were  conducted  in  essentially  the  seme 
manner  as  the  burnout  and  long-duration  tests  except  that  during  the  start 
sequence  the  system  was  pressurised  more  slowly  and  with  the  flow-control 

*  valve  slightly  open  to  avoid  an  excessive  pressure  difference  across  the 
pressure-drop  transducers. 

D.  DATA  REDUCTION 

The  data  obtained  during  these  tests  were  reduced  using  Aerojet- 
Oeneral's  date-reduction  computer  program.  Program  2210$  (5).  The  outputs 
from  this  program  for  the  981  Hg02  and  9#  H^Og  tests  are  given  in  Appendix  B. 

Local  values  of  heat-transfer  coefficient  were  calculated  from  the 
relationship: 


where: 

2 

h  ■  heat-transfer  coefficient,  Btu/in.  sec  °F 

p 

t  ■  local  heat  flux,  Btu/in.  sec 
■  inside  tube  wall  temperature,  °F 
Tg  ■  local  bulk  temperature,  °F 
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Value*  of  boot  flux  vara  eoleulotod  froa  oloetrlool  povar  aaaaureaanta  and 
fro*  tho  tub*  gacaatryt 

♦  *  r(iirair‘r 


I  ■  voltage  drop 
I  ■  currant,  asp 
ID  ■  ins Ida  tuba  dlanatar,  in. 

AD  ■  length  betveen  voltage  tap* ,  la. 

C  •  0.0009*8 

Inner-veil  teaparatura*  vara  evaluated  aaruaing  radial  conduction  and  no  haat 
tranafar  at  tha  outar  tuba  vail.  Tho  theraal  conduct ivity  and  tha  alactrical 
realatlrlty  of  tho  tuba  vail  vara  conaidarod  as  function*  of  teaperature. 

Tha  dlffarantlal  aquation  (6)  for  thla  condition  lat 

d?T  1  dT  1  dT  dk  -CAI2 

dr2  r  dr  k  dr  dr  p  ^2 

vhara: 

T  ■  taaparatura ,  °F 
r  ■  radius,  in. 

k  ■  tuba -vail  theraal  conductivity,  Btu/aec  in.°F 
pe  ■  tube-vall  electrical  reoiat ivity,  ohn-in. 

Subatltutlon  of  tha  axpraaalona: 


i 
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£1  .  Vi  -* !»  *  Vi 

dr2  (Ar2) 

Into  the  differential  equation  yields  the  finite-difference  equation  fre 
which  the  Inside  tube-wall  t— perature  vae  calculated: 


*  Tn  *  <Tn-l  '  V  4  -“4 


where: 


kn  pe  * 
n 


n*l,  n,  n-1  refer  to  adjacent  radial  lncreaenta  of  thlcknesa  Ar. 
The  values  of  k  and  P#  used  for  Inconel  718  and  dkf  etainleea  ateel  are  ahown 
in  Figure  7  and  were  taken  fron  References  7,  8,  and  9*  Local  bulk  tenpera- 
ture  was  calculated  assuming  uniform  power  input  along  the  length  of  the  test 
section,  l.e., 

T  m  T  ♦  (T  _  T  ) 

*B  Bin  'Bout  ABin*  L 


“  TBin* 


where: 

TBin  "  lnl*t  temperature ,  °¥ 

TBout  "  0UtLet  bulk  temperature,  *F 
L  ■  heated  length  of  test  section,  in. 

X  »  distance  fron  downstream  end  of  heated  length,  la. 

The  local  pressure  was  calculated  fron  a  similar  expression: 

P  "  Pin  ’  *?in  **  Pout> 


where: 


■  inlet  pressure,  psia 


Pout  *  pressure,  psia 
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The  llniiloalen  f  oreed-convec t loo  cosrelatlag  parameters  listed  below  were 
evaluated  m t  the  locel  bulk  te^erature  sad  st  the  oversee  film  tenpersture: 

h  d 

■u  ■  lyseelt  hshtr  ■»  ■■■  ■ 11  * 


He 

Pr 


Reynolds  lubber 

Prsndtl  lubber 


12  k 


V  ■  velocity,  ft /see 

4#  ■  equivalent  disaster,  in. 

0  ■  density,  lbs^ft3 
w  ■  viscosity,  lba/ft-sec 
Cp  ■  speeifie  best,  Btu/lba°F 

Tbs  overall  relisbllity  of  the  dots  was  evaluated  by  performing  an  energy 
balance  for  the  test  section: 


where: 


Energy  Balance 


Qin  ■  electrical  energy  input  to  the  fluid,  Btu/sec 

■  sensible  energy  transferred  to  the  fluid,  Btu/sec 
The  input  energy  was  calculated  from 
Qin  ■  0.0009*8  I 

where: 

^  ■  total  test-seetios  voltage  drop, 

I  ■  test-section  current,  asp 
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and  output  energy  was  calculated  froat: 

.  r  (vj2  "  (y«J 

Qout  *  W  LCP  *TBout  "  TBin*  4  2  g  J 

where: 

V  -  flow  rate,  lbu/eec 

C  ■  average  epeclflc  heat.  Btu/lbn#7 
P 

g  -  32. 1T^  lbn  ft/lhf  sec2 

J  ■  178  ft  lbf/Btu 

The  ten  AT0  la  the  bulk-tenperature  rlee  observed  before  applica¬ 
tion  of  tast-sectioa  power.  This  tanperature  rise  ia  caused  by  frictional 
heating  and  waa  observed  to  increase  vi'J  velocity.  Incorporation  of  thia 
tens  into  the  energy  balance  aleo  provide*  a  zero  correction  for  the  inlet  and 
outlet  bulk-t  — p  *  r  ature  themocouplea .  Value  a  of  ATC  ranging  fron  0.2  to 
5.0*7  were  obaerved  at  velocitiea  fren  25  to  200  ft /see. 

JC.  DISCUS8I0V  OF  RESULTS 

1.  96%  H^ 


a.  Burnout  Heat  Flux 

(1)  Burnout  Teat  Result a 

Thirteen  burnout  teata  were  conducted  with  96% 

ILO-  in  which  burnout  heat  fluxes  from  6.1  to  46.2  Btu/in.aee  were  encountered. 
EigBt  of  these  tests  were  conducted  at  pressures  above  the  critical  pressure 
of  3220  psla.  In  these  teata.  test-section  outlet  pressures  ranged  fron 
3500  to  *700  pal.  velocities  from  25  to  200  ft /sec,  and  bulk  tenperatures  tram 
IkO  to  235°7.  The  raealnlng  five  burnout  tests  were  conducted  at  suberltieal 
pressure  levels  of  3000  and  650  pain,  velocitiea  fron  50  to  170  ft/sec,  and 
bulk  tenperatures  fron  150  to  190*7.  The  results  of  the  98$  H^O-  burnout 
tests  are  sunuarised  in  Table  II. 

The  burnouts  observed  la  these  tests  occurred  within 
about  one  inch  of  the  dowastreM  end  of  the  test  section.  This  location  of  the 
burnout  point  is  typical  and  has  been  observed  with  nany  fluids .  Two  types  of 
burnout  were  observed,  the  most  conm  being  a  couplets  severance  burnout  in 
which  failure  of  the  tube  wall  occurred  in  a  fairly  even  plane  roughly  per¬ 
pendicular  to  the  axis  of  the  test  section.  In  addition,  splitting  of  the 
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tub*  in  th*  longitudinal  direction  downstream  of  the  severance  point  usually 
occurred.  Local  melting  on  the  outside  of  the  tube  at  the  point  of  severance 
was  observed  on  all  caagplete  severance  burnouts.  Beat  murks  (purple-hued 
discolorations )  were  consistently  observed  on  the  Inside  of  the  tube  along 
th*  edges  where  tube  failure  occurred.  Typical  complete  severance  burnouts 
t-th  and  without  tube  splitting  are  shown  in  Figures  8  and  9.  The  most 
explosive  burnout  occurred  during  Test  HT-4-109  where  complete  severance 
occurred  in  two  locations,  as  shown  in  Figure  10. 

In  two  of  the  burnout  tests,  a  tube-split  failure 
occurred,  as  shown  in  Figure  11.  These  failures  were  accompanied  by  bulging 
of  the  test  section  in  the  region  of  the  »plit  and  by  heat  marks  on  the  inside 
of  the  tube.  Ho  melting  of  the  tube  wall  was  observed. 

It  ie  apparent  that  burnout  resulted  from  a  sudden 
excursion  in  tube-wall  temperature  since  outer  tube-wall  temperatures  ranging 
from  850  to  1700°F  were  observed  Just  prior  to  burnout. 

A  satisfactory  correlation  of  the  burnout  test 
results  is  obtained  by  plotting  burnout  heat  flux  as  a  function  of  velocity. 
The  data  reported  in  Reference  2  for  pressuree  from  300  to  1000  paia  and  bulk 
temperatures  from  213  to  29S°F  also  correlate  well.  As  shown  in  Figure  12, 
the  variation  is  essentially  linear,  and  a  good  representation  of  -he  data  is 
obtained  with: 


♦g.  -  0.24  V  (Eq  1) 

Ho  significant  effect  of  pressure  or  bulk  temperature  is  evident.  All  but  one 
of  the  data  points  are  within  2  Btu/in.2  sec  and  at  velocities  greater  than 
40  ft/sec  are  within  10£  of  the  values  predicted  by  Equation  1.  All  the  data 
correlate  within  25%  for  the  general  range  of  conditions: 

P  -  300  to  4700  psia 

V  -  14  to  198  ft/sec 

Tb  ■  137  to  298°F 

The  burnout  obtained  in  Test  HT -4-139  appears  low  in  comparison  to  the  rest 
of  the  data  and  lies  about  25%  below  the  line  given  by  Equation  1.  This 
suggests  an  effec  •-  of  material  since  Test  139  was  the  only  test  conducted  with 
a  347  stainless- steel  test  section  instead  of  an  Inconel  718  test  section. 
However,  the  agreement  of  the  data  given  in  Reference  2  for  3l6  st  Hess- 
steel  test  sections  with  the  data  points  for  Inconel  718  tubing  tends  to 
negate  this  effect. 
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The  date  obtained  at  subcritical  pressures  also 
correlate  with  the  product  of  velocity  and  subcoolinu  (4T  J,  as  shown  in 
Figure  13*  frost  which  the  following  equation  is  derived: 

-  2.5  ♦  0.0003U(VATaub)  (Eq  2) 


where: 


AT  .  *  T  *  ~  Tb,  °F 
sub  sat  B’ 


T  .  ■  saturation  temperature,  °F  (boiling 
s%w  point  at  operating  pressure) 


This  type  of  correlation  has  been  found  to  be  applicable  to  a  wide  variety  of 
subcritical  fluids  at  high  velocity  and  high  subcooling  (AT  -)  conditions 
(discussed  in  References  10,  11,  and  12).  Equation  2  does  not  yield  a  more 
precise  prediction  of  the  subcritical  pressure  data  because  deviations  of  up 
to  30%  are  present. 


However,  the  applicability  of  Equation  2  to  the 
98K  H?0?  data  is  questionable  because  this  type  of  correlation  was  established 
for  burfiout  caused  by  the  transition  froei  nucleate  to  film  boiling,  nucleate 
boiling  apparently  did  not  occur  in  the  9B%  H-Op  subcritical -pressure  tests, 
as  evidenced  by  the  relationship  between  heatr lux  and  wall  temperature  shown 
in  Figures  lk  through  17 .  The  slope  in  heat  flux  is  not  steep,  as  in  nucleate 
boiling,  and  this  indicates  that  a  convective  heat-transfer  mechanism  was 
present  up  to  the  point  of  burnout.  Furthermore,  these  data  indicate  that 
burnout  occurred  at  wall  temperatures  below  the  saturation  temperature 
(boiling  point).  Calculated  wall  temperatures  at  burnout  ranged  from  350  to 
l»00oF  at  850  psia  (T  .  -  655°F)  and  from  500  to  600°F  at  3000  psia  (T  - 


The  lack  of  a  boiling  phenomenon  was  also  noted  in 
the  data  reported  in  Reference  2;  however,  these  data  indicated  that  wall 
temperatures  at  burnout  exceeded  the  saturation  temperature  by  as  much  as 
300°F.  The  discrepancy  between  the  two  Bets  of  date  has  cot  been  explained. 
Comparison  of  inner-wall  temperatures  calculated  from  water  checkout  test 
data  with  the  temperatures  given  by  the  superheat  correlations  developed  for 
water  hy  Bernath  ( 13 )  and  by  Jens  and  Lottes  (lU)  indicate  that  the  inner-wall 
temperatures  obtained  in  this  investigation  are  low  by  about  100  to  150°F,  as 
shown  in  Figure  18.  This  error  is  not  sufficiently  large  to  explain  the 
difference  between  the  wall  temperatures  obtained  for  98£  HgO^  in  this  inves¬ 
tigation  and  those  reported  in  Reference  2.  " 

The  tests  at  supercritical  pressure  yielded  the 
same  relationship  between  heat  flux  and  wall  temperature  as  the  tests  at 
subcritical  pressure.  A  normal,  convective  heat-transfer  mechanism  is 
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evidenced  up  to  tho  point  of  burnout,  as  shown  in  Figures  19  through  24.  This 
typo  of  relationship  has  also  boon  observed  for  AoroZIHS  $0  at  supercritical 

pressures. 


(2)  Extended-Duration  Test  Results 

Twelve  extended-duration  tests  were  conducted: 
eleven  with  985  H^O-  and  one  vita  deionised  water.  These  tests  were  conducted 
at  velocities  of  ?0,  100,  and  150  ft /sec  at  pressures  fron  830  to  3700  psia, 
and  at  bulk  temperatures  ranging  fron  115  to  155°?  •  Inconel  718  test  sections 
were  employed  in  the  high-pressure  tests  (2800  to  3700  psia),  whereas  a  347 
stainless-steel  test  section  was  used  for  low-pressure  testing.  The  results 
of  these  tests  are  summarised  In  Table  III  and  Figure  25 . 

Six  of  the  9®#  HgOg  extended-duration  tests 
terminated  in  test-section  burnout  at  heat  fluxes  that  were  20  to  355  lower 
than  the  burnout  values  given  by  the  velocity  correlation  (Equation  1) 
established  from  the  results  of  burnout  tests  at  relatively  short  duration. 
Burnouts  were  observed  at  50,  100,  and  150  ft /sac,  as  shown  in  Figure  25. 

The  time  interval  fron  start  of  steady  state  to  burnout  ranged  fron  50  sec 
to  8.3  nln. 


Testing  with  985  H«0o  in  Inconel  718  test  sections 
(eight  tests,  five  burnouts)  at  pressures  of  2800  to  3700  psia  resulted  in 
burnout  whenever  the  heat  flux  exceeded  655  of  the  burnout  heat  flux  given  by 
Equation  1.  At  heti  fluxes  below  this  critical  level,  durations  of  up  to  ten 
minutes  were  achieved  without  burnout. 

Sonewhat  different  extended-duration  burnout 
characteristics  were  observed  with  a  stainless-steel  test  section  at  lower 
pressure  (P  *  850  -.sia).  Tests  HT-4-140,  -l4l,  and  -142  were  conducted  with 
a  stalnless-nteel  test  section  at  the  same  flow  conditions  as  the  stainless- 
steel  burnout  test  (Test  139)  discussed  earlier.  During  extended  duration 
testing,  burnout  did  not  occur  until  the  maximum  heat  flux  observed  in  the 
burnout  test  (Test  139)  was  attained.  This  corresponds  to  about  755  of  the 
value  given  by  Equation  1.  These  maximum  heat  flux  results  obtained  with 
stainless-steel  tubes  are  what  is  normally  expected  because  burnout -heat - 
flux  limits  are  not  usually  related  to  duration.  A  general  agreement  between 
burnout-heat-flux  limits  of  985  HgO-  in  short-duration  and  in  extended-duration 
tests  has  also  been  noted  in  Reference  2  for  316  stainleaa-steel  test  sections, 
at  a  velocity  of  15  ft /sec  and  at  a  pressure  of  300  psia.  However,  Reference  4 
reports  anomalous  behavior  (e.g.,  transient  and  recurrent  wall -temperature 
peaks)  In  sane  extended-duration  testa  with  stainless-steel  test  sections. 
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Again,  indicationa  are  that  the  material  may  affect 
the  burnout  heat  flux  of  98$  BLO-.  Hovever,  tecta  with  Inconel  718  at  lov 
preaaurea  and  vith  stainless  at eel  at  high  pressure  are  needed  to  evaluate 
the  effect  of  presatire  on  the  maximum  heat  flux  for  extended  duration. 

The  fact  that  extended-duration  burnout a  are  a 
unique  characteristic  of  98$  H.0_  vas  demonatrated  by  conducting  a  test  vith 
deionised  vater  and  an  Inconel  <18  test  section  (Test  144a,  B)  at  the  velocity, 
pressure,  and  heat-flux  conditions  of  extended-duration  tests  vith  98$  H_C* 
that  resulted  in  two  burnouts.  This  test  had  a  duration  of  11  min,  and  no* 
burnout  occurred. 


An  extended-duration  test  vas  also  conducted  vith 
an  Inconel  718  test  section  that  vas  cleaned  but  not  passivated  (Test 
HT-4-l43A,B) .  This  test  had  a  duration  of  6.5  min  at  a  heat  flux  about  60$ 
of  that  given  by  Equation  1;  no  burnout  occurred. 

All  the  extended-duration  burnouts  occurred  at  heat 
fluxes  equal  to  or  greater  than  65$  of  the  Equation  1  value.  Thus: 

•  0.16  V  (Eq  i) 

appears  to  represent  a  good  upper  limit  for  safe  extended-duration  operation 
vith  98$  HgOg  and  is  recommended  for  design  purposeo. 

(3)  Burnout  Mechanism 

Burnouts  vith  fluids  at  subcritical  pressures  are 
normally  related  to  the  transition  fro*  nucleate  to  film  boiling,  whereas 
most  burnouts  vith  fluids  at  supercritical  pressure  appear  to  result  from  a 
degradation  of  the  neat-transfer  coefficients  when  the  properties  of  the  fluid 
near  the  vail  begin  to  change  rapidly.  These  two  mechanisms  are  "mtirely 
different,  and  the  burnout  data  at  these  tvo  pressure  levels  cannot  be 
expected  to  correlate.  The  fact  that  the  burnout  data  for  98$  HgOg  correlate 
over  such  a  vide  range  of  pressures  (300  to  4700  psia— roughly  10  to  150$  of 
the  critical  pressure)  suggests  that  HgOg  burnout  is  governed  by  a  mechanism 
other  than  film-boiling  or  variations  in  fluid  properties. 

The  burnouts  obtained  vith  98$  HgOg  appear  to  be  the 
result  of  a  sudden  deterioration  of  the  normal  forced-convective  heat-transfer 
mechanism  caused  by  exothermic  decomposition: 

2  H202  -  2  HgO  +  0g 

AH  -  23.4  Kcal/mole 


(B*  4) 
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A  relationship  between  the  burnouts  end  decomposition  is  indicated  by  the 
energy  balance  calculations  performed  for  the  burnout  and  extended-duration 
tests.  Zn  tbs  burnout  tests  ,  the  energy  balances  tended  to  becoaM  increasingly 
neget ire  as  burnout  res  approached.  By  definition,  a  negative  energy  balance 
Indicates  an  excess  of  sensible  energy  (Q )  over  the  input  electrical  energy 
(Qj_).  Such  an  excess  In  sensible  energy0***  indicated  at  the  burnout  point 
Infaoh  of  the  burnout  tests.  As  shown  in  Table  II,  the  amount  of  exceae 
energy  ranged  from  1.5  to  23$.  Typical  examples  of  the  nanner  in  which  the 
apparent  energy  exceae  increased  aa  burnout  waa  approached  are  shown  in 
Figure  26. 


The  energy  balances  for  the  extended-duration  teats 
In  which  burnout  occurred  also  indicate  an  increasing  excess  of  sensible  energy 
as  burnout  le  approached.  The  magnitude  of  excess  energy  is  somewhat  lesa 
than  ©bsarred  in  the  burnout  tests,  ranging  from  1.5  to  6$.  Aa  shown  in 
Figures  27  through  32,  a  slowly  increasing  excess  in  sansibla  energy  is 
indicated  for  each  extended-duration  test  that  terminated  in  burnout. 
Significantly,  the  energy  balances  for  the  extended  duration  testa  where  no 
burnout  occurred  do  not  show  such  a  perceptible  trend  towards  excess  sensible 
energy.  This  is  demonstrated  in  Figures  33  through  38. 

The  amounts  of  excess  energy  indicated  at  burnout 
sre  small  and  generally  within  the  +  10$  energy  balance  tolerance  normally 
considered  sufficient  to  ensure  reliable  heat-transfer  data.  However,  the 
fact  that  this  email  exceae  waa  consistently  observed  prior  to  burnout  is 
strong  evidence  that  burnout  is  caused  by  exothermic  decomposition  of  the  98$ 


Comparison  of  the  heat  of  reaction  (Equation  4)  to 
the  energy  balances  at  burnout  indicates  that  only  0.1  to  0.6$  of  the  98$ 

%0g  need  decompose  to  yield  the  indicated  excess  energy.  This  is  consistent 
with  the  fact  that  no  large-scale  decomposition  waa  observed  throughout 
the  course  of  testing.  The  lowest  concentration  measured  was  96.3$,  as  shown 
in  Table  IV. 


The  onset  of  the  decomposition  which  causes  burnout 
it  apparently  quite  sudden.  In  most  of  the  tests,  no  degradation  of  the  heat- 
transfer  coefficient  was  observed  prior  to  burnout.  Only  a  alight  degradation 
was  indicated  for  seme  of  the  burnout  tests  and  in  four  of  the  extended-duration 
tests  which  terminated  in  burnout .  This  degradation  is  evidenced  by  an  increas¬ 
ing  inner-vall  temperature  at  relatively  constant  heat  flux  and  velocity  con¬ 
ditions  , 'ail  bhownin  Figure  IT  for  Test  HT-4-110  (burnout  test)  and  in 
Figure  27  for  Test  HT-U-13P  (extended -duration  test). 
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A  pleusible  qualitative  explanation  of  the  96$ 

HoOg  burnout  mechanism  is  obtained  bj  consider inf  a  discrete  packet  of  fluid 
which  comes  int6  contact  vith  the  heated  vail  for  a  certain  period  of  time, 

A,  and  Is  heated  from  Its  Initial  temperature,  T  (the  bulk  temperature  of 
the  main  stream),  to  a  nev  temperature  Tg*. 

V  -  TB  ♦  5) 

vhere: 

o 

A  ■  heat  flux,  Btu/in.  sec 

A  ■  contact  time,  sec 

9 

A  *  effective  contact  area,  in. 

C 

C  ■  thermal  capacity  of  fluid  packet,  Btu/°F 

The  packet  then  Joins  the  main  fluid  stream  and  contributes  to  an  increase  in 
bulk  temperature . 

It  is  conceivable  that  a  chemical  decomposition 
begins  when  the  temperature  of  the  fluid  packet  reaches  a  certain  value.  If 
sufficient  mixing  occurs  as  a  result  of  turbulence,  a  small  amount  of  this 
decomposition  can  be  quenched  in  the  mainstream.  Previous  analyses  (15)  have 
shown  that  up  to  0.5?  of  the  decomposition  products  of  9W  H_0_  can  be 
dissolved  in  the  mainstream  at  high  pressures.  This  would  account  for  the 
excess  sensible  energies  observed  prior  to  burnout.  Eventually,  as  the  heat 
flux  is  increased,  the  exothermic  decomposition  overcomes  the  turbulent 
quenching  process,  and  high-temperature  decomposition  products  suddenly  cover 
the  tube  vail  locally.  Burnout  is  the  result  because  of  the  drastic  reduction 
in  the  liquid-aide  heat-transfer  coefficient. 

Equation  5  indicates  that  the  temperature  rise  of 
a  given  fluid  packet  depends  on  the  heat  flux,  0,  and  on  the  contact  time,  f . 
The  contact  time  can  be  expected  to  decrease  vith  an  increased  intensity  of 
turbulence.  Therefore,  it  is  logical  that  the  contact  time  would  decrease 
vith  increased  velocity.  Consequently,  at  higher  velocities,  higher  heat 
fluxes  are  required  to  raise  the  temperature  of  the  packet  to  the  point 
vhere  excessive  decomposition  begins.  This  is  consistent  vith  the  observed 
correlation  betveen  burnout  heat  flux  and  velocity}  i.e.,  the  heat  flux  at 
which  burnout  occurred  vas  found  to  increase  vith  velocity. 
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XI,  B,  DInuiIob  of  Result*  { eoot . ) 

Xt  is  not  known  why  turnout  in  ths  extended-duration 
toots  occurred  et  lower  hoot  fluxes  then  expected}  possibly,  it  nay  have  been 
caused  by  uleroecopic  chances  in  the  surface  of  the  tube  walls  which  catalytl- 
sally  pr caoted  the  exotheruic  decomposition  of  HgOg.  However,  examination  of 
burned-out  test  sections  revealed  no  obvious  chances  of  the  surface*.  (See 
Appendix  A  for  further  discussion. ) 

If  the  extended-duration  burnouts  are  caused  by 
■ieroeoopie  chances  in  the  exposed  surface  of  the  tubes,  the  tube  aaterlal, 
the  surface  finish,  and  the  passivation  technique  nay  be  important  factors 
affect inc  the  burnout  heat  flux.  The  tests  conducted  during  this  investiga¬ 
tion  appear  to  eoafim  that  a  aaterlal  effect  exists,  a*  shown  by  the  different 
results  obtained  with  Inconel  718  and  stainless-steel  tubing.  However,  a 
pressure  effect  ’-ey  also  exist  and  additional  tests  with  Inconel  718  at  low 
pressures  and  *  Jx  stainless  steel  at  high  pressures  are  needed  to  clarify 
the  influence  of  material  and  pressure  on  98?  H-0_  burnout  heat  flux.  Testing 
with  an  unpassivated  (but  thoroughly  cleaned)  Inconel  718  test  section 
(Test  lh3 )  indicated  that  nitric-acid  passivation  does  not  yield  signlflcently 
different  extended-duration  burnout  limits  with  this  material.  Alternative 
passivation  techniques  should  be  investigated  for  future  testing. 

b.  Forced  Convection 

weal  values  of  heat  flux,  inner-wall  temperature,  and 
heat-transfer  coefficient  calculated  at  each  test-section  thermocouple  station 
and  for  each  power  level  of  the  98#  burnout  tests  are  given  in  Appendix  B. 

1  lata  are  correlated  in  terms  of  the  Nusselt, 

Reynolds,  and  Prandtl  '  .oers  in  Figures  39  and  40.  Data  points  having  energy 
balances  greater  than  +  10$  are  not  shown. 

As  shown  in  Figure  39*  the  two  most  commonly  used  bulk- 
temperature  property  equations  do  not  correlate  the  test  data  very  well.  The 
most  generally  accepted  correlation  for  high-velocity  heat  transfer  is  that 
developed  by  Hines  (l6): 

■  0.005  Re0,95  Pr0**  (Eq  6) 

A  plot  of  this  correlation  passes  through  the  center  of 
the  data,  but  deviations  up  to  80$  are  present.  Part  of  this  deviation  Is 
caused  by  L/D  effects.  The  data  for  L/D  >20  correlate  within  +  U0$„ 

The  Dittjis-Boelter  correlation  (17): 

Hu^  -  0.023  Re^  0,8  P r^0,1* 


4 
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yields  conservative  values  for  beat-transfer  coefficients  that  will  be 
sufficient  for  most  design  applications. 

Use  of  average  film-temperature  properties  does  not 
improve  the  correlation,  as  shown  in  Figure  40.  A  Dlttus-Boelter  type  equation 
evaluated  vith  average  film  properties  passes  through  the  center  of  the  data; 
however,  deviations  of  +70$  and  -40$  exist. 


The  correlation  presented  in  Reference  18: 


an 


(Ru») 


eg 


0.11 


fer 


0.35 


(Eq  8) 


where: 


♦ 


Mu’ 


f 


(f/8)  Reb  Frb 

12.7  Jt/t  (Prb  2^3  -1)  ♦  1.07 
*  [1.82  log10  Re^  -  1.64]“2 

A 

•'T.  C  dT 
u  - E - 


is  coopered  to  the  observed  heat  flux-inner  wall  temperature  data  in  Figures 
19,  20,  22,  and  24.  This  correlation  predicts  the  general  trend  of  the  data 
although  in  sane  cases  significant  deviations  are  present.  A  modified  version 
of  this  equation  nay  yield  a  more  precise  correlation,  and  it  is  recooaended 
that  efforts  be  expended  to  obtain  such  a  correlation.  To  this  end,  the 
actual  data  have  been  included  in  this  report  as  Appendix  B. 

c .  Pressure  Drop 

The  re  stilts  of  the  98$  BU02  pressure-drop  tests  are 
shown  in  Tables  V  and  VI.  In  two  of  these  tests  the  pressure  drop  was 
evaluated  during  isothermal  flow  with  bulk  temperatures  of  70  and  200 °F.  In 
five  tests,  the  pressure  drop  vith  70°F  inlet  temperature  was  evaluated  at 
heat  fluxes  ranging  from  sero  to  75$  of  the  burnout  heat  flux  observed  in  the 
burnout  tests.  These  tests  were  conducted  at  pressures  ranging  from  3800  to 
4600  pals  and  velocities  from  50  to  200  ft /sec.  Inconel  718  test  sections 
were  used  in  all  the  pressure-drop  tests. 


* 
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IX.  Bt  Discussion  o t  Results  (coot.) 


Xeother.al  friction  fao*  -n  calculated  from  the  data  are 
'been  in  Figure  kl  as  f»-«*io%.  of  Reynolds  iueber.  These  data  generally 
jree  with  the  stands**  charts  frv  Mctio..  factor  (19).  hut  the  dependency  of 
xperJnsatal  friction  factor  on  rfaynn'ls  juaner  is  lees  than  would  be  antici¬ 
pated.  ¥2*  madam  dev7  '  jo  tn~  the  published  curve  for  drawn  tubing  is 
e‘  art  18$.  This  disc  xcf  am*  been  caused  by  the  fitting  used  to 

a*-  art  the  pressure-transducer  .  jk  :  t '  the  t^iw  section  (the  fitting  is  ehovn 
la  .figure  10).  The  fitting  wa  observe  *  to  contract  the  diuseter  of  the  tube 
slightly  ;n  the  region  where  it  was  fastened,  producing  a  alight  contraction 
sad  axpmaioo  at  aaeh  and  of  tiu*  teat  section.  This  could  eoncolvmbly  yield 
:esure-drjp  oheraoterietles  different  from  those  of  a  const ant-dieneter 
•ube. 

The  ratio  of  pressure  drop  with  end  without  heat 
transi ;r  la  shown  in  Figure  k2  for  velocities  ranging  frost  53  to  168  ft/  ec. 
Dat*  were  obtained  at  beet  fluxes  of  25.  90.  and  (except  for  Test  123)  75%  of 
the  burnout  boat  flux.  In  gener'.L,  these  curves  are  similar  to  those  obtained 
tot.  Uydraslne  in  the  noaboiling  region  reported  in  Reference  20.  A  certain 
amount  of  error  exists  in  these  calculated  ratios  because  the  pressure-drop 
measurements  were  obtained  across  heated  end  unheated  sections  of  approximately 
tiual  length.  The  unusual  behavior  indicated  et  98  ft/sec  velocity  and 
^00  peia  pressure  (Test  122)  is  probably  a  result  of  this  error.  However, 
tli  data  are  considered  valid,  and  they  dmeonstrate  that  heated  99%  H-O.  does 
not  exhibit  uny  unusual  pressure-drop  characteristics .  * 

d.  Testing  Difficulties 

Most  of  the  99%  HL0  teste  were  conducted  without 
difficulty*,  however,  certain  problems  attributable  to  equipment  failure  vere 
encountered,  end  these  ere  stated  in  the  following  paragraphs  as  a  natter  of 
record,  lo  explosions  or  detonations  ever  occurred  simply  as  a  result  of  test- 
section  burnout. 

In  Test  HT -4-131,  ea  Inadvertent  electrical  connection 
of  the  power  supplies  allowed  current  to  leek  through  an  adjacent  teat  system 
end  hack  into  normally  unheated  portions  of  the  high-preeeure  heat-transfer 
loop.  This  resulted  in  heating  of  relatively  stagnant  98$  Hg02,  and 
ultimately  caused  detonations  in  a  short  length  of  tubing  (connecting  the 
main  propellent  valve  to  a  drain  valve)  and  in  the  drain  lines.  The  test 
section  was  destroyed,  apparently  as  a  result  of  the  pressure  spikes  produced 
by  the  detonations. 

Test  HT-4-132  was  scheduled  for  a  ten-minute  duration, 
but  was  terminated  after  two  minutes  of  steady  power  when  the  electrical 
insulator  in  the  outlet  pressure-transducer  line  failed  and  caused  the  98$ 
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H-0-  la  this  lias  to  heat-up  sad  to  detonate .  This  detonation  collapsed  the 
ttsf-seotion  tube  at  the  point  share  the  transducer  line  Is  Attached,  stopped 
the  flow  of  980  HgOg,  sad  caused  the  test  section  to  burn  out. 

2.  900  H202 


Pour  burnout  tests  vers  conducted  with  90%  BLOg  at  a  ncsdnal 
pressure  of  V000  psla,  at  velocities  of  *»5  to  195  ft /sec  and  tvu  t superstores 
of  lbO  to  205*P.  The  90S  HgOo  was  obtained  by  diluting  the  9 M  ***** 

deionised  water  after  completion  of  the  980  HgOg  beat-transfer  tests. 

The  results  of  these  tests  are  listed  in  Table  VII  and 
covered  to  the  900  HgOg  data  in  Figure  b3  together  with  the  low-pressure 
90S  H9O9  data  presented  in  References  2  and  k.  Figure  b3  shows  that  the 
burnout  heat  flux  of  90S  H^Og  1*  essentially  the  sane  as  that  of  90S  HgOg  and 
correlates  equally  well  with  velocity.  The  90S  &2P2  forced-convection  data 
also  agree  with  the  90S  H^O-  data.  lo  extended-duration  tests  were  conducted 
with  90S  H_02;  however,  it  Is  recosmended  that  behavior  similar  to  that 
observed  with  96S  ^2°2  **  ***tBI*d  for  design  purposes. 

3.  Water 

Two  burnout  heat-flux  tests  were  conducted  with  deionised 
water  to  checkout  the  loop  prior  to  90S  H-O2  testing.  In  these  water  tests, 
pressures  of  1000  and  2000  psla,  velocities  of  38  and  A8  ft/sec,  and  bulk 
temperatures  of  165  and  280°F  were  encountered. 

The  results  obtained  in  the  water  tests  are  listed  in 
Table  VII.  These  results  are  compared  in  Figure  kk  to  the  high-velocity, 
high-subcooling  burnout  data  obtained  for  distilled  and  deionised  water  in  a 
previous  inveatlgatlon  (Ref  21).  Good  agreement  with  the  previous  data  is 
apparent,  aud  the  expression: 

0^  -  5.1  ♦  0.000860  (VdTrob) 
yields  predictions  of  the  burnout  heat  flux  within  +  200. 
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III. 

C0RCLU8I0R8  ARP  RttXMgBnATIOlS 


A.  The  burnout  beet  flux  of  98$  H*0.  at  preeeuree  from  300  to  *»700  pels, 
bulk  temperatures  from  130  to  298*7*  end  velocities  fron  It  to  198  ft/sec 
correlates  with  velocity.  The  burnout  heat  fluxes  observed  la  burnout  tests  of 
relatively  short  duration  are  predicted  vithin  about  25$  by  the  expression: 

•bo  "  0,2k  V 

The  burnout  heat  fluxes  observed  in  the  extended-duration  tests  ware  signifi¬ 
cantly  loser  than  the  burnout  test  values.  The  equation  raco— anil  ad  for  design: 

0^  «  0.16  V 

yields  a  value  vhich  lies  belov  all  the  observed  burnout  points. 

B.  The  burnouts  observed  vith  98$  H^O-  appear  to  be  censed  lqr  the 
sudden  onset  of  exothermic  decomposition  la  The  boundary  layer.  Boiling  or 
boiling-ilk*  phenomena  sere  not  observed  at  subcritlcal  or  supercritical  pres¬ 
sures. 


C.  The  long-duration  burnout  heat  flux  of  98$  HgO-  is  possibly  depen¬ 
dent  on  tube  material ,  surface  conditions,  and  pressure.  Further  investigation 
of  these  effects  is  recommended. 

D.  Vo  chemical  attack  of  the  Inconel  718  test  sections  by  the  98$ 

HgOg  sas  observed. 

B.  The  Dittus-Boelter  equation: 

•  0.023  *%°’8  *r*0'k 

yields  a  conservative  estimate  of  beat-transfer  coefficients  for  98$  H.O.  and 
Is  recommended  for  design  purposes.  Precise  correlation  of  the  forced- 
convection  data  vaa  not  obtained,  but  the  general  trend  of  these  data  is  pre¬ 
dicted  by  an  equation  vhich  includes  bulk-to-  vail -temperature  fluid  property 
ratios. 


F.  Vinety-elght  percent  hydrogen  peroxide  does  not  exhibit  any  unusual 
pressure-drop  characteristics  at  isothermal  or  heated  conditions. 

0.  linety-eight  percent  IgOg  can  be  used  as  a  regenerative  coolant. 

H.  Test  results  clearly  indicate  that  96$  HgOg  vill  not  detonate  at 
burnout. 
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TABU!  I 


TEST-SECTION  DIMENSIONS 


OP. Id,  Heated  Measured  loainal  Well 


Teet 

Material 

Ice. 

Meae. 

Un*thiin. 

ID  .in.  Thickness. In. 

HT-4-105 

Inc.  718 

1/4 

5.0 

0.015 

-106 

347  ss 

1/4 

— 

4.0 

— 

0.016 

HT-4-108 

Inc.  718 

1/4 

5.0 

0.015 

-109 

Inc.  718 

3/16 

— 

4.0 

0.015 

-no 

Inc.  718 

3/16 

— 

3.5 

— 

0.015 

-in 

Inc.  718 

3/16 

— 

4.0 

— 

0.015 

-112 

Inc.  718 

1/4 

— 

4.5 

— 

0.015 

-113 

Inc.  718 

1/4 

— 

5.0 

— 

0.015 

-114 

Inc.  718 

3/16 

— 

4.5 

— 

0.015 

-115 

Inc.  718 

3/16 

— 

5.0 

— 

0.015 

-116 

Inc.  718 

3/16 

— 

3.5 

mmwm 

0.015 

-117 

Inc.  718 

3/16 

— 

4.0 

— 

0.015 

-118,-119 

-120  to  -123, 

Inc.  718 

1/4 

5.0 

— — 

0.015 

&  -125 

Inc.  718 

3/16 

— . 

5.0 

0.015 

-124 

Inc.  718 

1/4 

— 

4.0 

— 

0.015 

HT-4-126 

Inc.  718 

3/16 

5.0 

__ 

0.015 

-127 

Inc.  718 

3/16 

— 

6.0 

— 

0.015 

-128 

Inc.  718 

1/4 

— 

5.0 

— 

0.015 

-129 

Inc.  718 

1/4 

— 

4.0 

MW 

0.015 

HT-4-130 

Inc.  718 

3/16 

0.1895 

4.0 

0.160 

1  0.015 

-132 

Inc.  718 

3/16 

0.1895 

5.0 

0.160 

0.015 

-133ft »B 

Inc.  718 

3/16 

0.1895 

4.0 

o.l59i 

0.015 

-134 

Inc.  710 

3/16 

— 

4.5 

_  \  1 

0.015 

-135 

Inc.  718 

3/lC 

0.1895 

4.0 

0.159 

0.015 

-136ft  ,B 

Inc.  718 

3/16 

0.1895 

4.0 

0.159 

0.015 

-137A.B 

Inc.  718 

1/4 

0.2540 

5.0 

0.224  \ 

0.015 

-138 

Inc,  718 

3/16 

— 

5.0 

— 

0.015 

-139 

347  SS 

3/16 

O.I865 

4.5 

0.154  . 

•'0.016 

-140, -141,-142 

347  SS 

3/16 

0.1855 

4.5 

0.154  ^ 
0.159  * 

\  0.016 

0.015 

-143A.B 

Inc.  718 

3/16 

0.1895 

4.0 

-l44ft,B 

Inc.  718 

3/16 

0.1895 

4,0 

0.159 

0.015 

i 
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***Heat  Flux  based  on  tube  resistance 


[OB  TEST  RESULTS 
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TABU  IV 

KgOg  OOBCMTRATlflH  SATA 


Vt  %  Hg0g" 


2S& 

UteiM 

Amr  Teet 

£&• 

BT-t-108 

96.00 

M. 

10/1/65 

-109 

96.09 

- . 

10/t 

-110 

96.69 

— 

10/13 

-112 

96.35 

10/lt 

-313 

96.63 

96.29 

10/15 

-lit 

98.01 

97.12 

10/21 

-115 

9T.52 

97.52 

10/21 

-116 

96.69 

96.33 

10/22 

-11T 

96.71 

96.68 

10/25 

-118 

S*>.66 

— 

10/29 

-119 

95.66 

— 

10/29 

-120 

96.66 

— 

11/1 

-121 

96.6s 

— 

11/2 

-122 

96.67 

— 

11/2 

-123 

96.6 

— 

11/3 

-X2t 

96-85 

96.67 

11/t 

-125 

96.68 

11/5 

-126 

91.05 

72 

11/10 

-127 

914* 

- 

11/11 

-128 

90.  St 

— 

11/12 

-129 

90.03 

— 

11/15 

-130 

98.6»« 

<*.6" 

12/17 

-133B 

— 

97.5U 

1/11 

-135 

— 

96.5 

1/19 

“139 

96. t5 

96. 6t 

2/2 

-ltO 

96.25 

96*5 

2/3 

-ltl 

96.5 

96.2 

2/3 

-lt3B 

96.U5 

96.35 

2/7 

Rmrka 


Refilled  unit  after  Test  113. 


Fresh  98$  R202  added  after  Teat  122. 

Diluted  for  90%  H909  tests  after 
Teat  125. 


Refilled  unit  prior  to  Test  130 . 


"Determined  by  titration  except  Test  130 
•"Hydrometer  data 
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98%  H909  ISOTHERMAL  PRESSURE-DROP  MIA 
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"Calculated  for  the  heated  portion  of  the  test  section 


BUfWOUT  TEST  RESULTS  FOR  90%  HgOg 
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Figure  2.  10,000-psig  Pressurization  System 


HEAT 
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THERMAL  CONDUCTIVITY,  BTU/IN 
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TEMPERATURE,  *F 


«k 
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a. 


Figure  7-  Thermal  Conductivity  and  Electrical  Resistivity  of  Inconel-7l8 

and  3^7  Stainless  Steel 
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ELECTRICAL  RESISTIVITY,  OH* 


Figure  9.  Complete  Severance  Burnout  without  Tube  Split 
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Figure  12.  9856  H^O,-  Burnout  Test  Results 
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HT-4-134 

CONDITIONS  AT  BURNOUT  POINT: 

F  -  840  Pf \ 

V  *  101.5  FT /SEC 
Tb  *  156*F 

0Bo  =  22.0  BTU/IN.  2  SEC 


Figure  14.  Subcrltical  98 <f>  K2°2  Hea>  Flux_Wa11  Temperature  Data,  Test  13U 


Pag*,  45 


HEAT  FLUX,  BTU/XN. 
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<M 


100  200  400  400  000  1000 

Ti,  WALL  TEMPERATURE,  T 


HT  >4-129 

CONDITIONS  AT  BURNOUT  POINT: 

P  -  040  P8XA 
V  •  104.0  FT /SEC 
Tk  -  147*F 

*  l#*6  ®TU/IN.*SEC 

Figure  15.  Subcritical  98$  HgO^,  Flux -Wall  Temperature  Data,  Test  139 
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HEAT  FLUX,  BTU/IN 
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CONDITIONS  AT  BURNOUT  POINT: 

P  >  3020  PSIA 
V  »  91  TT/SEC 
Tb  «  176*F 

#B©  «  19.6  BTU/IN. 2 SEC 


Figure  16.  Subcritical  96^  HgOg  Heat  Flux -Wall  Temperature  Data,  Test  109 
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ft  heat  flux,  btu/in 
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Ti,  WALL  TEMPERATURE,  #F 


HT-4-1I0 

CONDITIONS  AT  BURNOUT  POINT: 

P  >  2910  PS  LA 
V  •  169  FT /SEC 
Tb  ■  I54T  2 

#Bo  ■  41.5  BTU/IN.  SEC 


Figure  17.  Subcritical  9 HgOg  Heat  Flux -Wall  Temperature  Data,  Test  110 
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BERNATH 
CORRELATION 


JENS  AND 
LOTTES  I 
CORRELATION 


CALCULATED  VALUES  Or  Tt  AT  BURNOUT 
1)  BERNATH  CORRELATION  (REF  13) 

«*»  <r  a  V  _  /  iir  k 


Ti-T.et*T'f<T.et''rcr> 

T|  -  T.4t  «  «6T 

2)  JENS  AND  LOTTES  CORRELATION  (REF  14) 
^r#(144)(3600)lI/4 


1  *  ■  I— 
100 

200  400  400 

Ti.  WALL  TEMPERATURE,  *F 

i 

i 

CONDITIONS  AT  BURNOUT  POINT 

P  •  1020  PflA 

V  ■  JS.O  FT /SEC 

Tk  •  2S2*F 

•  14.4  BTU/IN.1  SEC 

A  -  L/D  •  14  (STA  1) 

0  -  L/D  -  10  (STA  2) 

Figure  13. 

Deionised  Veter  Heet  Flux-Well  Toepereture 

Dete,  Test  106 

HEAT  FLUX,  BTU/IN 
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A  STA  1  -  L/D  *  lf.O 
O  STA  2  •  L/D  =  17.0 
□  STA  3  -  L/D  «  22.0 
A  INDICATES  BURNOUT 


HT  *4-111 

CONDITIONS  AT  BURNOUT  POINT: 

P  -  4020  PS1A 
V  >  21.1  FT/SEC 
Tk  •  1IT*F 

0^.01  BTU/IN.  *  SEC 


Figure  19.  Supercritical  90)1  Hn0.  Heat  Flux-Well  Teapereture  Date,  Teat  113 


1 


FW  50 


HEAT  FLUX,  BTU/IN 
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Ti,  WALL  TEMPERATURE,  #F 


A  STA  1  -  L/D  *13.0 
O  STA  2  -  L/D  *  17.0 
A  INDICATES  BURNOUT 

HT -4-124 

CONDITIONS  AT  BURNOUT  POINT: 

P  *  4150  PSIA 
V  -  44.6 
Tb  *  2JS*r 

#Bo  •  ?*4  »TU/IN.*  SEC 

Figure  20.  Supercritical  9©^  HgOg  Heat  Flux-Wall  Taopatatura  Data,  Taat  12b 


A  INDICATE*  BURNOUT 


100 


200 


400 


600 


800  1000 


Ti.  WALL  TEMPERATURE,  *F 


O  STA  2  -  L/D  *  21.0 
O  STA  3  -  L/D  ■  27.0 
•  INDICATES  BURNOUT 


HT -4-114 

CONDITIONS  AT  BURNOUT  POXNT: 

P  *  3750  P8LA 
V  «  161.3  FT /SEC 
Tfe  =  144*F 

$Bo  m  39.6  BTU/IN.2  SEC 


Figure  23*  Supercritical  98$  HgOg  Heat  Flux-Wall  Temperature  Data,  Test  114 
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A  STA  1  -  L/D  ■  17.0 
O  STA  2  -  L/D  *  24.  0 
□  STA  3  -  L/D  ■  30.  0 
A  INDICATES  BURNOUT 

HT  -4-115 

CONDITIONS  AT  BURNOUT  POINT: 

P  =  4700  PSIA 
V  =  95.5  FT /SEC 
Tb  »  153*F 

#Bo  *  23.0  BTU/IN.2  SEC 


Figure  2k.  Supercritical  HgOp  Heat  Flux -'tall  Temperature  Data,  Test  115 
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25.  Extended -Duration  Test  Results 
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Figure  2 6.  Burnout  Test -Energy  Balances 
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1 


Figure  29.  900  Ho0  Extended-Duret  Ion  Teat  Fereaetere,  Teet  136 


Extended-Duration  Test  Parameters,  Test  137 
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Figure  44.  Water  Burnout  Beat-Flux  Data 
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AITOPIX  A 

TEST-SXCTIJ®  METALL0GRAPH1C  EXAMIlATIOl 


Two  of  the  Inconel  718  teat  sections  In  which  burnout  occurred  with 
99%  H-Op  were  sectioned  and  examined  for  erldence  of  chemical  attack.  These 
test  sections  had  been  used  In  Tests  IT-k-110  and  1T-V-130. 

Test  110  was  a  burnout  test  In  which  tube  failure  occurred  at  the 
follovl^  local  conditions:  heat  flux,  Vl.5  Btu/in.  sec;  Telocity,  169 
ft/sec;  bulk  temperature,  15^° ;  pressure,  2910  psla. 

Test  130  was  an  ext ended-durat ion  test  which  terminated  in  burnout 
three  minutes  after  steady  state  had  been  achieved  at  a  beat  flux  of  28 
Btu/in.2  sec.  The  test-section  outlet  conditions  for  this  test  were  velocity, 
190  ft /sec;  outlet  pressure,  3300  psla;  and  outlet  bulk  temperature,  135*7. 

The  investigations  and  their  results  are  discussed  In  the  following 
two  Materials  RAD  reports. 
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I. 

MATERIALS  FAD  REPORT  LRD  65-3*^ 


FlffiPOSE.  To  determine  the  material  condition  of  en  Inconel  718  heat- 
trenefer  test  specimen  (tubing)  after  exposure  to  hot,  flowing  hydrogen 
peroxide. 

COlfCmsiOB .  The  Inconel  718  tubing  material  was  not  attacked  by  the 
hot,  flowing  hydrogen  peroxide. 

UVESTI QATI OH  ARP  RESULTS.  A  section  of  annealed  Inconel  718  tubing 
was  submitted  for  observation  after  it  was  utilised  in  a  heat-transfer  test, 
in  which  98#  H2O2  was  flowed  through  the  tubing  (heated  electrically)  until 
a  burnout  occurred.  The  tubing  was  cross-sectioned  in  the  center  (midway 
between  the  two  electrical  connections)  and  close  to  the  point  of  burnout. 
These  two  sections  were  compared  to  a  control  specimen  (i.e.,  a  section  of 
tubing  that  had  not  been  exposed  to  H2O2)  to  determine  the  effect  of  H2O2  on 
the  tube  material  (Figure  1).  The  total  duration  of  testing  was  3  min 
(from  start  to  burnout).  Power  was  increased  gradually  during  this  time 
until  the  burnout  occurred.  The  average  inner  wall  temperature  at  the  end  of 
the  test  was  calculated  to  be  6006F. 

Examination  of  the  inner  wall  of  the  tubing  showed  that  the  hot  HgOg 
had  very  little,  if  any,  effect  on  the  Znconel  718  material.  At  a  magnifica¬ 
tion  of  500X  the  tube  wall  still  appears  to  be  relatively  smooth,  and  no  signs 
of  intergranular  attack  are  present  (Figure  1). 

DISCUSSIOH .  The  tubing  utilized  in  heat-transfer  testing  1b  in  the 
annealed  condition.  For  heat-transfer  test  purposes,  annealed  Inconel  718 
will  give  the  same  results  as  solution-annealed  and  aged  material.  However, 
for  compatibility  studies,  the  material  should  be  tested  in  the  condition  in 
which  it  will  be  utilized  in  the  finished  hardware.  If  the  Inconel  718  tubing 
will  be  solution-annealed  and  aged  when  put  into  service,  it  should  be 
compatibility-tested  in  the  same  condition.  The  aging  treatment  of  this 
material  causes  precipitation  of  a  constituent  by  which  the  material  is 
strengthened.  Precipitation  of  a  constituent  sometimes  changes  the  corrosion- 
resisting  properties  of  a  material,  especially  at  the  gra^n  boundaries.  In 
a  previous  compatibility  study,  tests  indicated  that  hot  attacked 

solution-annealed  and  aged  Inconel  718  at  the  grain  boundaries.*  Hydrogen 
peroxide  may  have  the  same  effect  on  the  material.  Further,  the  test  dura¬ 
tion  should  be  increased  to  equal  the  proposed  life  of  the  chamber  tubes. 

RSCQMMhffPATIQFS .  Solution-annealed  and  aged  Inconel  718  tubing  should 
be  utilized  in  compatibility  testing  with  the  hot,  flowing  hydrogen  peroxide. 

Compatibility  testing  duration  should  be  equivalent  to  the  planned 
service  life  of  the  chamber  tubes. 


*Bechtold,  R.  F.,  Materials  Development  Report  DVR  6U-365 ,  Aerojet -General 
Corporation,  Liquid  Rocket  Components  Department  U630,  15  July  196U. 
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II. 

MATERIALS  R&D  REPORT  FSC  66-135 


PURPOSE.  To  determine  if  premature  "burnthrough"  of  an  Inconel  718 
heat-transfer  test  specimen  (tubing)  was  caused  by  corrosion  attack. 

CONCLUSIONS .  The  Inconel  718  tube  material  was  not  attacked  (corroded) 
by  the  tube  coolant  (hydrogen  peroxide). 

Overheating  of  the  tube  at  the  test  conditions  of  pressure  and  flow 
rate  caused  the  tube  to  rupture. 

HISTORY .  Heat-transfer  Test  Specimen  HT-4-130  (annealed  3/l6-in.-dia 
Inconel  718  tubing)  had  been  undergoing  testing  at  a  heat  flux  of  28  Btu/in.* 
sec  (electrical  resistance  heating)  for  about  3  min  when  a  rupture  occurred 
1  in.  from  the  downstream  electrode  (Figures  2  and  3).  Hydrogen  peroxide 
with  a  concentration  of  98%  was  flowing  at  a  pressure  of  about  3000  pal  through 
the  tube  at  a  rate  of  150  ft /sec  at  the  time  of  failure.  Calculations  indicate 
that  the  outer  and  inner  wall  temperatures  were  1200  to  1300°F  and  400  to  500°F, 
respectively,  shortly  before  failure. 

VISUAL  OBSERVATIONS.  Three  cross-sections  of  the  tube  were  mounted 

and  polished  for  examination.  Two  cross-sections  of  the  tube  were  taken  in 

the  immediate  rupture  area  (Figures  4  and  5),  and  the  third  was  taken  about 
1/4  in.  away  (Figure  6).  Figure  5  shows  that  the  tube  melted  completely 

through.  No  evidence  of  corrosion  attack  on  the  inner  wall  is  present,  and 

the  inner  surface  of  the  tube  appears  to  be  relatively  smooth  even  at  a 
magnification  of  500X  (Figure  6).  The  tube  wall  thickness  (0.015  in.)  was 
unchanged  by  testing  except  in  the  immediate  rupture  area  where  it  thinned 
to  0.0l4  in. 

DISCUSSION .  The  tube  specimen  sustained  a  heat  flux  of  28  Btu/in.^  sec 
for  3  min  before  rupture  occurred.  Heat-tranofer  date  indicated  that  the 
tube  should  have  been  able  to  withstand  the  applied  heat  flux,  fluid  pressure 
(about  3000  psi),  and  coolant  (hydrogen  peroxide)  flow  rate  without  failure. 
However,  the  appearance  of  the  failure  indicates  that  overheating  and  melting 
initiated  tube  rupture.  No  evidence  of  corroeive  attack  was  found,  and  the 
tube  wall  thickness  was  unchanged  (except  in  the  immediate  runture  area  where 
the  reduction-in-area  effect  due  to  yielding  thinned  the  tube) . 

Although  short-duration  heat-transfer  data  indicate  that  the  tube  mate¬ 
rial  should  withstand  the  conditions  applied  to  the  failed  tube,  several  other 
heat-transfer  test  sections  have  failed  during  extended-duration  operation  at 
similar  test  conditions.  Apparently,  an  unknown  factox  (possibly  a  catalytic 
reaction  between  the  surface  layer  of  the  tube  material  and  the  hydrogen 
peroxide)  remains  to  be  determined.  Further  testing  is  necespa*'y  to  determine 
the  combination  of  maximum  heat  flux,  pressure,  and  flo%  rate  the  Inconel  718 
tube  material  will  withstand. 

RECOMMENDATIONS .  Investigate,  and  test  for  a  c&ttl^tic  reaction  between 
Inconel  718  and  hydrogen  peroxide  utilizing  various  temperatures  and  pressures. 
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Top:  Inside  surface  of  a  tube  that  was  not  exposed  to  hot 

(control  specimen)  ^ 

Center:  Inside  surface  of  a  tube  section  cut  from  the  approxi¬ 
mate  midpoint  of  the  heat-transfer  test  specimen. 

Bottom:  IB  area  of  a  tube  section  cut  approximately  3/16  in. 
from  the  burnout  area  (high  temperature  area). 

The  relatively  smooth  Inside  surface  of  the  heat  transfer  test 
tubing  Indicates  that  no  corrosion  occurred  during  testing.  No 
Intergranular  attack  is  evidenced.  (Black  spots  in  the  material 
were  caused  by  the  etchant) 

Figure  1.  Photomicrographs  Showing  the  Inside  Surface  (Tube  IB)  of  the 
Inconel  71o  Tubing  Material  (Magnification  500  X;  Etchuuit — 
HN03,  HC1,  HF  and  HgO) 

Page  79 


I 


•  T  a 


4  *• 


\ 


JJ 

in 

UM 

III 

| 

r 

INCHES 

1 

- 

ill 

| 

i 

i 

'  1 

i 

IN 

ICHES 

1 

/ 

1 

- 

Top:  outer  surface 
Bottom:  Inner  surface 


Mag:  kX 


Figure  2.  fhotographs  of  the  Rupture  Edges  of  the  Tube  (Right  Side  on  Both 
Tubes).  Arrows  point  to  the  area  which  appears  to  be  the  initial 
rupture  area  (see  Figure  3). 
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Figure  3*  Probable  Area  of  Rupture  Initiation  (Areas  of 
Belted  metal  and  several  cracks  appear.  Hie 
microstructure  of  this  area  appears  in  Figure  4) . 
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Figure  4.  Microstructure  of  the  Tube  In  the  Initial  Failure  Area. 
Ihe  OD  of  the  tube  Is  at  .he  top  of  the  photograph. 
Melted  tube  metal  (darkened  metal)  appears  in  the  center 
of  the  thinned  area.  Incipient  melting  at  the  grain 
boundaries  probably  Initiated  Intergranular  cracking 
(indicated  by  arrows). 
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Figure  5*  Failure  Area  of  Smaller  Tube  Section  Shown  in  Figure  2. 

Harkened  metal  shows  that  melting  proceeded  entirely 
through  the  tube.  !Rie  ID  of  the  tube  appears  to  be 
unaffected  by  the  hot  hydrogen  peroxide  (no  corrosion 
occurred) . 
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Etchant:  HRO^  HC1,  HF  &  HgO 


Mag:  500X 


Figure  6.  Inside  Surface  of  the  Tube  Approximately  1/4  In.  from 
Rupture  Area.  Staining,  caused  by  the  etchant,  has 
darkened  the  edge,  but  no  Indications  of  corrosion 
attack  are  present. 
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APPPDIX  » 

TABULATED  HKAT-TRARSFER  DATA 


The  output*  from  tho  data- reduct ion  computer  progrem  for  the  90$  H^O. 
turnout  testa,  tbe  extended-duration  and  haatod  pressure-drop  testa,  and  Chi 
90$  H.Og  burnout  taata  aro  glran  on  the  following  pagan.  Ttaa  data  are  llatad 
in  numerical  order,  by  teat  number.  The  equation*  for  the  date-reduction 
computer  program  are  giren  in  Section  XX ,D  of  tbe  main  body  of  thla  report. 

The  output  for  each  teat  eonsiata  of  three  aectlona:  overall  teat 
parameter* ,  local  teat  parametera ,  and  dimenaionleaa  parametera.  The  nomen¬ 
clature  for  each  section  la  described  below. 
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n 
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Plaenalonleaa  Per— etere  (coot.) 
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■ 
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II  SOONSOMIMO  MILITAnv  ACTIVITY 

Air  Force  Rocket  Propulsion  Lab. 
Edwards  Air  Force  Bate,  California 

11  ahtmact  High-pressure  heat-transfer  experiments  have  been  conducted 
with  both  90  end  982  H^Og.  Electrically  heated  3/16-  and  l/4-ln.-dia 
Inconel  T18  and  3/l6-in.-dia  atainleoa-iteel  teat  aectiona  were  ueed  at 
preaaurea  of  850  and  4700  pal  and  at  coolant  velocities  of  25  to  198 
ft/eec.  Titration  of  the  peroxide  after  abort-duration  testing  indi¬ 
cated  that  little  or  no  Ho02  decomposition  had  occurred  in  the  teat 
•action.  The  short-duration  burnout  teats  hare  shown  that  the  maximum 
burnout  heat  flux  is  directly  proportional  to  coolant  velocity  and  is 
Insensitive  to  coolant  pressure.  The  Dittus-Boelter  equation  was  found 
bo  yield  a  conservative  estimate  of  heat-transfer  coefficients  for  982 
HgOg  and  is  recommended  for  design  purposes.  Long-duration  tests  con¬ 
ducted  at  velocities  of  50  to  150  ft/«ec  with  Inconel  718  tubing  indi¬ 
cated  that  the  long-duration  burnout  heat  flux  is  degenerated  to  about 
652  of  that  demonstrated  in  short-duration  tests.  Titration  of  the 
>eroxide  after  those  tests  indicated  that  minor  HgOo  decomposition  had 
occurred.  It  can  be  concluded  that  982  H202  would  Se  ar  excellent 
regenerative  coolant  in  rochet  engine  systems.  The  long-duration  burn¬ 
out  phenomenon  at  high  pressure  can  be  avoided  by  limiting  the  design 
juraout  heat  flux  to  about  652  of  the  short-duration  burnout  point. 
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